agnetoresistive random-access memory (MRAM) is an emerging non-volatile memory technology that is gaining steam in various applications with no idling power consumption, unlimited endurance and fast read/write time. Commercial MRAM uses a spin-transfer torque (STT) switching method to write data to magnetic tunnel junctions (MTJs) 1 . In this method, a spin-polarized charge current I C is injected from the reference layer to the recording layer of a MTJ to generate a spin current = ℏ∕ I ePI ( 2 ) S C , where ℏ is the reduced Plank constant, e is the elementary charge and P is the spin polarization of the reference layer. This limits the amount of spin current generated by a given I C and makes it difficult to reduce the writing current. Indeed, the writing current and writing energy of MRAM is worse than that of conventional volatile memory technologies by one order of magnitude 2 . In addition, the high writing current requires large driving transistors, which makes it difficult to increase the bit density of the MRAM. Recently, spin-orbit torque (SOT) switching using the spin Hall effect (SHE) 3,4 in heavy metals 5-8 and topological insulator (TIs) 9,10 has attracted much attention as an alternating writing method for MRAM. In SOT switching, a spin Hall layer is in contact with the recording magnetic layer. A charge current flowing in the spin Hall layer can generate a pure spin current that exerts a spin torque on the recording layer. The spin current generated in this way is given by
1
. In this method, a spin-polarized charge current I C is injected from the reference layer to the recording layer of a MTJ to generate a spin current = ℏ∕ I ePI ( 2 ) S C , where ℏ is the reduced Plank constant, e is the elementary charge and P is the spin polarization of the reference layer. This limits the amount of spin current generated by a given I C and makes it difficult to reduce the writing current. Indeed, the writing current and writing energy of MRAM is worse than that of conventional volatile memory technologies by one order of magnitude 2 . In addition, the high writing current requires large driving transistors, which makes it difficult to increase the bit density of the MRAM. Recently, spin-orbit torque (SOT) switching using the spin Hall effect (SHE) 3, 4 in heavy metals [5] [6] [7] [8] and topological insulator (TIs) 9, 10 has attracted much attention as an alternating writing method for MRAM. In SOT switching, a spin Hall layer is in contact with the recording magnetic layer. A charge current flowing in the spin Hall layer can generate a pure spin current that exerts a spin torque on the recording layer. The spin current generated in this way is given by θ = ℏ∕ ∕ I e L t I ( 2 )( ) S S H C , where L is the MTJ size and t the thickness of the spin Hall layer. As L/t is about 10 in realistic MTJs, SOT switching may be more effective than STT switching if θ SH > 1. Such a high θ SH was recently observed in several TIs, such as Bi 2 Se 3 (θ SH = 2-3.5 at 300 K (ref. 9 )), Bi x Se 1-x (θ SH = 18.8 at 300 K (ref. , which is much lower than that of typical ferromagnetic and non-magnetic metals used in realistic MRAM (for example, σ ≈ 6 × 10 5 Ω -1 m -1 for CoFeB and 5 × 10 5 Ω -1 m -1 for Ta (ref.
)
). This causes a serious problem for TIs as spin Hall materials: when a TI layer is attached to a metallic ferromagnet and a Ta capping/buffering layer, most of the charge current is shunted through those metallic layers and does not contribute to the generation of pure spin current in the TI layer. To be used in realistic SOT-MRAM, the spin Hall material must have both a large θ SH and high σ. Here we face a dilemma: heavy metals (such as Pt, Ta and W) have a high σ but small θ SH (~0.1), whereas TIs have a large θ SH but low σ. So far, no spin Hall material has satisfied both conditions simultaneously.
Here we demonstrate that BiSb can satisfy both conditions. Bi 1-x Sb x (0.07 ≤ x ≤ 0.22) is a very narrow-gap TI with strong spinorbit coupling. 12 Its non-trivial topologically protected surface states have been confirmed by angle-resolved photoemission spectroscopy (ARPES) [13] [14] [15] and magnetotransport measurements 16, 17 . Despite being the first three-dimensional TI identified by ARPES, BiSb has received little attention due to its very small bulk bandgap (< 20 meV) and complex Fermi surfaces. However, BiSb is very attractive as a spin Hall material; thanks to its high carrier mobility (~10 4 , compatible to other metallic materials used in realistic MRAM. Recently, we developed an epitaxial growth technique for high-quality BiSb thin films using molecular beam epitaxy (MBE) 18 and obtained σ = 4 × 10 5 to 6 × 10 5 Ω -1 m -1 for BiSb thin films thicker than 80 nm, and σ = 1 × 10 5 to 4 × 10
) for BiSb thin films thinner than 25 nm in the TI region (0.07 ≤ x ≤ 0.22) (Supplementary Note 1). In this work, we investigate the performance of thin BiSb films as a pure spin current source in various BiSb/MnGa bilayers. We observe a colossal SHE of θ SH ≈ 52 and σ SH ≈ 1.3 × 10 the growth conditions, we can obtain high-quality BiSb/MnGa bilayers with an atomically smooth interface, despite the large lattice mismatch between MnGa(001) and BiSb(012) (Methods and Supplementary Note 2 give details). Here we choose MnGa as a model ferromagnet because its large perpendicular magnetic anisotropy (PMA) (> 10 Merg cm -3 ), large uniaxial anisotropy field (> 40 kOe), large coercive force (> 1.5 kOe) and high conductivity (5 × 10 5 Ω -1 m -1 ) represent well those that would be used in futuristic ultrahigh density SOT-MRAM 19 . Furthermore, by adjusting the Mn composition, we were able to fabricate Mn 0.6 Ga 0.4 layers with a perfect perpendicular magnetization and Mn 0.45 Ga 0.55 layers with a tilting magnetization, which are convenient for the evaluation of the spin-orbit field generated by the BiSb layer. Figure 1a shows the schematic Bi 0.9 Sb 0.1 (10 nm)/Mn 0.6 Ga 0.4 (3 nm) bilayer and the coordinate system used in this work. An electric current was applied along the x direction, and an external magnetic field H ext was applied in the zx plane at an angle θ with respect to the z axis. Figure 1c shows the out-of-plane magnetization curve of the bilayer measured at various temperatures. The magnetization of the 3 nm thick Mn 0.6 Ga 0.4 layer in this bilayer is the same as that of high-quality standalone Mn 0.6 Ga 0.4 thin films grown on GaAs(001), which indicates that there is no interfacial magnetic dead layer. The bilayers are then patterned into 100 μ m long and 50 μ m wide Hall bars for transport measurements, as one shown in Fig. 1b 5 A cm -2 , which is three time higher than the highest current density applied in Fig. 1d . This indicates that the reduction of H c shown in Fig. 1d is not the result of Joule heating. Indeed, for the Joule heating to be the origin of the large Δ H c = 2 kOe, the Mn 0.6 Ga 0.4 layer temperature would have to increase from 150 K to 250 K (Fig. 1c) , which is unlikely given the very small J used in our experiments compared with J ≈ 10 7 -10 8 A cm -2 used in previous studies with heavy metals as the spin Hall layer. Furthermore, we observed a significant reduction of the remanent R H at J = 15.4 × 10 5 A cm -2 , which was not observed in the magnetization curve at 250 K. Therefore, we conclude that (Fig. 1a and the inset in Fig. 2a) , then θ was reduced to ~2° and the magnetic field swept from + 8 kOe to -8 kOe and vice versa. As the direction of the damping-like spin-orbit field H so is given by − × σ m, where σ is the spin polarization unit vector of the spin current along the y direction and m is the unit vector of the magnetization direction, there is an out-of-plane component H so-z of the spin-orbit field associated with M x . The existence of such an H so-z component is shown in Fig. 2b ; the remanence and coercive force of the R H hysteresis systematically increase with increasing positive J. This clearly cannot be explained by Joule heating which can only reduce, but not enhance, the remanent R H and coercive force. For a reference, we show the R H hysteresis with a reduced remanence and coercive force at a negative J = -7.7 × 10 5 A cm -2
. We also found that the fieldlike spin-orbit field is negligible (Supplementary Note 3) . To further confirm the effect of H so-z , we measured R H under an in-plane H ext (θ = 90°). , respectively. We observed that R H rapidly increases up to H ext ≈ 4 kOe, and then gradually decreases at H ext > 4 kOe. This behaviour is consistent with the in-plane magnetization curve shown in Fig. 2a ; at H ext = 0 to ~4 kOe, the magnetic domains are rapidly reoriented toward the x directions, so that H so-z and R H reach their maximum value at ~4 kOe. At H ext > 4 kOe, the whole MnGa layer becomes a single domain and the magnetization begins tilting towards the x direction and R H decreases. Furthermore, we observed that H so-z and R H switch their directions when the direction of M x or J is changed, consistent with the behaviour of a SOT. Note that the polarity switching of R H when the direction of M x or J is changed was observed not This eliminates the possibility of artefacts due to the topological Hall effect [20] [21] [22] or the tunnelling planar Hall effect 23 , as these effects require inhomogeneous magnetization to occur in our device, in the form of either spatially varying magnetic domains or skyrmions.
Next, we evaluated the spin Hall angle from data shown in Fig. 2b . For the sake of simplicity, we first assumed a macrospin model with a coherent magnetization rotation. At H ext = -H c (J) (the coercive force at a given J), the net perpendicular magnetization component is zero, so there is only the in-plane magnetization component. The situation at H ext = -H c (J) is shown in the inset of Fig. 2b . At this point, H so points to the z direction and counters H ext . Thus, the macrospin model predicts that the shift of the coercive Δ H c is equal to H so . In reality, however, at low magnetic fields the Mn 0.45 Ga 0.55 layer is in a multidomain state, and magnetization reversal occurs through a domain wall movement rather than a coherent magnetization rotation. Nevertheless, full micromagnetic simulations have shown that the relation H so = Δ H c gives a good estimation for H so with less than 5% of uncertainty in a Pt/BaM ferrite bilayer 24 . Furthermore, the macroscopic model has been used to reproduce remarkably the experimental switching phase diagram due to the SOT effect in a Pt/Co bilayer 7 . This confirms the validity of this relation, even though it is derived from a simple macrospin coherent rotation model. We also estimated H so from the R H -H ext data in Fig. 2c,d in the high in-plane field range (|H ext | > 4 kOe), when the Mn 0.45 Ga 0.55 layer becomes a single domain and the macrospin model is applicable. The obtained average value of |H so | = 2.9-3.4 kOe for J = ± 13.8 × 10 5 A cm -2 have uncertainty within 10% of that obtained by assuming H so = Δ H c = 3.1 kOe for J = 13.8 × 10 5 A cm -2 in Fig. 2b (Supplementary Note 6) . Thus, in the following, we use the relation H so = Δ H c to estimate the spin Hall angle. By plotting Δ H c obtained in Fig. 2b as a function of J BiSb ( Supplementary Fig. 5 ) and Pt (Ref.
7
).
Magnetization switching by ultra-low current density
To demonstrate the magnetization switching by the ultralow current density using the large spin Hall effect of BiSb, we prepared a 100 × 50 μ m Hall bar of a Bi 0.9 Sb 0.1 (5 nm)/Mn 0.45 Ga 0.55 (3 nm) bilayer. Figure 3a ,b demonstrates the SOT switching of the MnGa layer when 100 ms pulse currents are applied to the Hall bar under an inplane H ext = + 3.5 kOe and -3.5 kOe, respectively. We observed a clear switching at an average critical current density of J = 1.5 × 10 6 Α cm -2
). Here the critical current density is defined as where the Hall resistance changes sign. Note that the switching of R H between ± 1 Ω corresponds to full magnetization switching ( Supplementary Fig. 6 ). Furthermore, the switching direction is reversed when the in-plane H ext direction is reversed, consistent with the behaviour of SOT switching. The observed critical current density is much smaller than those of Ta (5 nm ) (ref.
28
Comparisons with other spin Hall materials
BiSb has many characteristics that make it the best candidate for the pure spin current source in SOT-MRAM. Its conductivity is comparable to typical ferromagnetic and non-magnetic metals used in MRAM, whereas its spin Hall angle is as large as 52 at room temperature. It can be grown well on ferromagnetic metals without creating a magnetic dead layer. Table 1 summarizes σ, θ SH and σ SH of several heavy metals and TIs at room temperature 29, 30 . In terms of σ SH , which is considered as the figure of merit for spin Hall materials, BiSb outperforms other TIs by a factor of 100 and the nearest competitor (Pt) by a factor of 30. Although there are reports of room-temperature SOT switching by other TIs in Bi 2 Se 3 /CoTb (ref. 31 ), Bi 2 Se 3 /NiFe (ref.
32
) and Bi x Se 1-x /CoFeB (ref.
11
), the ferromagnets used in those works have a low coercive force of only a few 10 Oe to a few 100 Oe, which is much smaller than that (a few kOe) in realistic nanoscale MRAM. Using BiSb, we have demonstrated both a very large spin-orbit field of 2.3 kOe MA -1 cm 2 and SOT switching at a low critical current density of 1.5 × 10 6 Α cm -2 for the MnGa ferromagnet with a much higher PMA (~40 to ~50 kOe) and coercive force (> 1.6 kOe) than those used in previous experiments. These double-check the very large SHE of BiSb.
The observation of the very large SHE in BiSb leaves many open questions about the physics of the SHE in TIs. Even though stronger spin-orbit interactions and larger SHEs are expected for BiSb than for Bi 3 Se 2 or (Bi,Sb) 3 Te 2 because of its very small bandgap, the observation of σ SH = 1.3 × 10 7 ℏ e 2 Ω -1 m -1 is unexpected. The very small bandgap means the electric current flows in both the surface and the bulk of BiSb, thus the contributions of both the surface and bulk SHE should be taken into account. However, a first-principles calculation of the bulk intrinsic SHE of BiSb yields a maximum value of 9.8 × 10
4 ℏ e 2 Ω -1 m -1 when the Fermi level is in the bandgap, which can account for only 0.74% of the observed value (although a very large bulk intrinsic θ =
is possible from the calculation as the bulk σ ≈ 0 at zero temperature) 33 . Furthermore, the bulk extrinsic mechanism, such as side jump or skew scattering, is unlikely to be the main mechanism given the high carrier mobility and low scattering rate in BiSb alloys. We therefore suggest that the topological surface states of BiSb(012) are mainly responsible for the observed very large SHE in BiSb. It was theoretically predicted 12 and later experimentally confirmed by ARPES measurement 34 that the BiSb(012) surface has three Dirac cones at the Γ , X and M point, whereas there is only one Dirac cone at the Γ point on the BiSb(001), Bi 2 Se 3 (001) and Bi 2 Se 3 (012) surfaces. This unique 'valley degree of freedom' of the BiSb(012) surface may be related to the origin of the observed SHE. Detailed observation of the BiSb(012) surface states by spin-resolved ARPES is needed to unlock the secret of the very large SHE in BiSb(012).
Outlook
Process integration of BiSb into a realistic MTJ stack remains the challenging problem for the realization of BiSb-based SOT-MRAM. In particular, because the BiSb(012) surface is critical to obtain the very large SHE at room temperature, control of the surface orientation is a very important issue. Furthermore, it is necessary to investigate whether the performance of the BiSb(012) surface does not degrade when fabricated by the industry-friendly sputtering method, rather than by the MBE method, as in our work. However, we are optimistic about the applications of BiSb(012) to realistic MRAM for the following reasons. First, BiSb seems to grow with the BiSb(012) orientation on underlying ferromagnetic layers with a cubic crystal structure. Fortunately, most of the metallic layers used in MRAM have a cubic crystal structure, just like the MnGa layer in our work. Second, the spin Hall angle of the TI seems not degrade when deposited using the sputtering method. Recently, θ SH of a sputtered 4 nm thick Bi x Se 1-x layer was found to be about 18.8 (ref.
11
), which is larger than the θ SH of 2-3 of the MBE-grown Bi 2 Se 3 layer 9 . As over ten years have passed since the proposals 35, 36 and the realization of TIs 37 , BiSb emerges as a promising candidate for the industrial applications with TIs.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41563-018-0137-y. 
